The conditions for optimal transduction efficiency of the Bacillus subtilis phage SPPI have been investigated. By irradiating transducing lysates with u.v. light we have been able to obtain a fivefold increase in the number of transductants and to reduce strongly the interference caused by infective particles. Any dependence of SPPI transduction on PBSX induction has been ruled out by the use of xin mutants, which are unable to induce the defective phage. SPPI mediated transduction is susceptible to the restriction and modification system of B. subtilis. The rec functions involved in the recombination of the SPPI transduced DNA fragment are probably identical to those required in DNA transformation and heterologous PBSI transduction.
INTRODUCTION
Several phages of Bacillus subtilis, e.g. PBSI, 3NT, ARg, SPIo and SPI5, have been used extensively in generalized transduction studies (Ivanovics & Csiszar, 1962; Belyaeva & Azizbekyan, I967; Tyeryar et al. I969; Young & Wilson, I974) . These phages make turbid plaques, as do temperate phages, but do not form stable lysogens and the virus DNA does not integrate into the host genome. The long term relationship with the host cell is termed pseudolysogeny and these phages are called pseudo-temperate. These phages differ in host specificity, both for infection and for transduction (Hemphill & Whiteley, I975) . The transducing phages differ also in the size of the host DNA fragment transferred, which is related to head size. PBSI and AR9 are the largest known phages of B. subtilis and are generally used in mapping studies (Dubnau et al. I967; Love et al. I976) since they mediate the transfer of DNA pieces having a size of about 5 to 8 % of that of the bacterial chromosome. The PBSI transduction system, in its homologous or heterologous alternatives, follows partially different pathways of recombination since different rec functions are involved in the two processes (Dubnau et al. 1969; Mazza et al. I975) . (By homologous and heterologous transductions we mean, e.g., that from B. subtilis strain 268 to strain 168 and that from W23 strain to I68, respectively.) Transduction studies with PBSI encounter several difficulties, due to the flagellotropic nature of this phage (Frankel & Joys, 1966) .
Recently Yasbin & Young (I974) have demonstrated that the virulent phage SPPI can also carry out generalized transduction. These authors observed a significant transduction aro, arg, his, leu, lys, met, nic, rib, thr, tyr, trp and ura indicate respectively requirement for adenine, shikimic acid, arginine, histidine, leucine, lysine, methionine, nicotinic acid, riboftavine, threonine, tyrosine, tryptophan, and uracil, ery, resistance to erythromycin; r+m + restricting and modifying strain, xin, inability to induce PBSX; rec, deficiency in recombination ;polA, deficiency in DNA polymerase I.
frequency by using a suppressor sensitive mutant of SPPI. In this paper we have extended the study of the SPPt transduction system.
METHODS
Bacterial strains and bacteriophages. The origin and the description of the strains of Bacillus subtilis used in this work are given in Table I . For the nomenclature and properties of rec mutants see Mazza et al. (1975) -The bacteriophages used were SPPI wt (Riva et al. 1968) ; SPPI (A) is a deletion mutant, SPPI (A 4307) is a deletion compensated SPPI (A) mutant (see Results and T. A. Trautner, unpublished results) ; the temperature-sensitive mutants of SPPI (tsI~, tsI28, tsI4o) are from our collection; PBSI (Takahashi, I96I) was obtained from I. D. Goldberg.
Culture media. Penassay broth (PY; antibiotic medium no. 3, Difco), was used in transduction experiments and for growing bacterial strains. Tryptone yeast extract (TY) medium (Biswal et al. 1967 ) was used for dilutions and for plating of SPPI. The minimal medium of Davis & Mingioli (~95o) , supplemented by the appropriate amino acid requirements (25 #g/ml), was used for selection of transductants.
Lysate preparation. The transducing lysates of SPPt were produced by collecting the confluent lysis obtained by the soft agar plating method. About 5 x lO 4 p.f.u, were mixed in 2 ml soft TY agar (0"7 % Agar) with 2 × lO 7 spores of the donor strain and plated on TY plates. After 24 h incubation at 37 °C the top soft agar was collected with 2 ml PY/plate and centrifuged for IO min at 7o00 g. MgClz was added to the supernatant to a 5 × IO-2M final concentration and treated with 25/~g/ml of pancreatic DNase. After 30 rain of incubation at 37 °C, the lysate was filtered through a Millipore filter (o'45 #m 
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were stored at 4 °C with a few drops of chloroform. PBSI transducing lysates were prepared as described by Hoch et al. (I967) . Transduction. For both SPPt and PBSx transduction, Io ml of the transducing mixture has the following composition: I ml of cells in stationary phase (about o-8 to I x io 9 cells/ ml), 7"5 ml of PY, 0"5 ml of t i-MgCl~ containing 25o #g of pancreatic DNase; I ml of the transducing lysate was diluted in PY at about 3 x lO l° p.f.u./ml. The mixture was incubated at 37 °C for 3o min with shaking, centrifuged for Io min at 7ooo g and the pellet resuspended in I ml of minimal medium. The concentrated suspension was used for cell counts and for plating of transductants.
Evaluation of PBSX activity. PBSX activity was evaluated as previously described (Canosi et al. 1978) .
Preparation ofantisera. Anti-PBSX antiserum was prepared as described by Canosi et al. (I978) . Anti SPPI antiserum was prepared by immunizing a rabbit with a suspension of concentrated and purified SPPt lysate and complete Freund's adjuvant (Difco). SPPt lysate was prepared on a xin mutant to eliminate any PBSX specific proteins, normally produced in SPPI infection. The velocity constant of neutralization of SPPI antiserum was determined as described by Adams (I959). Lysates, diluted at 3 x lO l° p.f.u./ml in PY have been treated for 2o min with antisera and then used for transduction. The treatment with PBSX antisera totally suppresses the bactericidal activity of PBSX as compared to controls and the treatment with SPPI antiserum produces a residual plating of I x io -6.
U.v. irradiation. U.v. irradiation of SPPI lysate was carried out with a Philips TUV I5W germicidal lamp as described previously (Ferrari et al. I977 )-
RESULTS

The SPPt transduction system
Transductions with SPPI were performed essentially as described by Yasbin & Young (I974) and the procedures for lysate preparation and transduction are reported in the Methods section. The dependence of SPPI transduction on the multiplicity of infection (m.o.i.) and the time of contact of cells and phages is reported in Fig. I (a) , (b) . The number of transductants reached a maximum at a m.o.i, of approx. IO and very little increase was observed after this. The transduction frequency increased for 6o min and at this time cell lysis can occur. Optimal transduction was obtained at a m.o.i, of 3o with a 3o rain contact. Tile phase of growth of the recipient cells was also considered. The highest number of transductants was observed in the early stationary phase; cells at later stages were more susceptible to SPPI infection as judged by cell survival. With early stationary phase cells the survival of the transduced culture was about 4 o to 5o % of the control and for late stationary phase cells (3 to 4 h after the departure from the log phase) the survival was reduced to Io to zo %. All the subsequent experiments were performed using cells grown I h after the end of the exponential portion of the growth curve. The transduction frequency was not affected by cell concentration in the range of 3 x lO 7 to I ~< lO 8 cells/ml in the incubation mixture (Fig. 2) . Under these conditions a transduction frequency of about I x io -n was generally obtained. The ability of SPPI phage to perform generalized transduction is shown in Table 2 ; seven different markers can all be transduced with comparable values. The same table shows the transducing efficiency for the same markers using PBSI phage; SPPI transduction gives a highe r yield of transductants for all the markers tested. 
Transduction with SPPI deletion mutants
Several deletions were recognized in SPPI comprising as much as zo% of the phage genome. In particular for the deletion mutant SPPI (A) it has been observed that in mixed infection with wt SPPI the deleted amount of DNA was compensated by addition of DNA. The resultant SPPI mutant, SPPI (A43o7), deletion compensated, appears to have the same amount of DNA as the wild type phage. SPPI (A43o7) physically resembles SPPI 5"o3 x io a 5"o7 x io 3 PBSI 5-3x IO 3 1'85x IO 3 I'O8X IO 3 2.5×1o 3 2"12x IO 3 7"4 × IO z 1"I x IO a * Recipient strain PB 336I. SPPI and PBSI transductions were performed as described in the Methods section; 7"9 x io 7 cells/ml were present in the incubation mixture. Survivals of 0"38 and o'25 have been observed with SPPI and PBSI respectively.
t The number of transductants are referred to the concentrated volume. Table 3 indicate that, on the contrary, the transduction efficiency both of the deletion mutant SPPI (A) and of the deletion compensated SPPI (A43o7) gave lower values than wild type. This result is in agreement with the finding of L.J. Archer (unpublished observations) indicating that transducing SPPI phage contain only host DNA.
Enhancement of SPPI transduction efficiency
In the SPPI transduction system the cell survival observed even at very high m.o.i. (see Fig. I a) , suggests that although the transduced cells are infected by infective particles, the productive process often fails to proceed successfully. At a m.o.i, of 3o, a survival of 3o to 70 % was generally observed. To increase the efficiency of SPPI transduction experiments were done with the aim of further dissociating the transduction ability and the infectivity of SPPI particles. The effect of u.v. irradiation of SPPI lysates has been tested. Phage survival and transducing activity of the irradiated lysates are reported in Fig. 3 .
At a phage survival of IO~o, a fivefold increase in the number of transductants was observed; at higher u.v. doses the transducing particles were affected to the same extent as were infective phages. In Fig. 3 the data are also expressed as a ratio of transductants to p.f.u., which shows that the transduction process is more efficient with u.v. inactivated phages. An identical pattern of u.v. enhancement was observed in PB I642 strain (polA) but at lower u.v. doses.
In order to reduce the interference caused by infective particles in the transduction process we also used temperature-sensitive mutants of SPPI which were unable to produce phage at non-permissive temperature (46 °C). The transduction process was performed at 35 and 46 °C both for the infection step and plating. The results obtained with SPPI tsh, tsI28, tsI4o mutants, belonging to different complementation groups (A. Galizzi, unpublished observations) indicate that even if these phages had efticiencies of plating of I to 3 x io -6 at nonpermissive temperature, cell survival of the transduced recipient strain was reduced to the same extent as in the controls and the number of transductants obtained at non-permissive temperature was not increased. These results suggested that the SPPI ts mutants tested are blocked in phage production at a step where cell survival is irreversibly damaged. We have also ruled out the possibility that the cell death observed after infection with SPPI ts mutants at non-permissive temperature is indirectly due to PBSX induction, using as the recipient strain a xin mutant (GB 63). Also in this mutant, which is unable to induce the defective phage PBSX at non-permissive temperature, the cell survival was reduced after infection with SPPI ts mutants. 
Role of PBSX in SPP~ transduction
SPPI infection of Bacillus subtilis 168 derivatives induced the production of PBSX, a defective non-infectious phage (Ganesan et al. 1976) . SPP~ lysates showed appreciable PBSX activity when assayed on W23 derivatives. Since PBSX induced a specific enzyme that cut host DNA to 8.4 x I o 6 tool. wt. pieces (Okamoto et al. 1968 a, b) the possibility that host DNA pieces are produced by PBSX induced activity and erroneously packed into an SPPI head which latter acts as a transducing particle has been suggested (A. Ganesan, personal communication) .
In order to test the role of PBSX in SPPI transducing particle formation we also used xin mutants, which are defective in the induction of PBSX and in which no specific PBSX proteins or PBSX particles are detectable after mitomycin C or u.v. induction treatments (Thurm & Garro, I975), and no fragmentation of host chromosome was observed. The transducing efficiency of SPPI lysates prepared on xin mutant GB 63 was comparable to controls (see Table 4 ) suggesting that the formation of transducing particles is not under PBSX control.
By the use of anti-PBSX and anti-SPP1 specific antisera we have also excluded any role of the contaminating PBSX particles in SPP~ lysates in the transduction process. As shown in Table 5 SPPI transduction is insensitive to PBSX antisera. Furthermore, the PBSX activity in SPPI lysates disappears after I to 2 weeks without any appreciable reduction of SPPI transducing activity.
Effect of r+m + phenotype on SPPI transduction
Trautner et al. (I974) have studied the effect of restriction and modification in different systems of genetic exchange: transformation-transfection and PBS I transduction. We have extended these studies by evaluating the effect of the r+m + phenotype on SPP I transduction As can be observed from the data reported in Table 6 , SPPI lysates prepared on r+m + strains were able to transduce auxotrophic derivatives of I68 and R strains with the same frequency. In contrast SPPI lysates prepared on 168 r-m-derivatives were able to transduce only r-m-strains, indicating that SPPI transduction is susceptible to restriction. Similar results have been obtained for different markers, e.g. ura, met, tyr.
Recombination functions involved in SPPI transduction
Several recombination defective mutants have been used as the recipient strains in SPPI transduction. The results, reported in Table 7 , are comparable to the involvement of different rec functions in DNA transformation and PBSI homologous and heterologous transduction (Mazza et al. I975) . The behaviour of recA and recG strains suggests that the pathway of recombination of the SPPI transduced DNA fragment is probably the same as that which operates in DNA transformation and heterologous PBSI transduction. We have also determined that DNA polymerase I is not necessary for SPPI transduction since the process is not affected in a DNA polymerase I defective strain (data not shown).
DISCUSSION
In Bacillus subtilis the exchange of DNA between different strains can be obtained with two different systems: DNA transformation with purified DNA and phage transduction. The size of DNA transferred tc the recipient cell is quite different; the tool. wt. of the DNA active in transformation is about I to a x lO 7 (Dubnau, I976 ) and the PBSI DNA fragment is approx. I to 2 x io 8 (Dubnau et al. I967; Hunter et al. 1967) .
We have studied SPPI transduction in detail in order to compare this system of genetic exchange with transformation and PBSI transduction. We have optimized the conditions, thus obtaining transduction frequencies comparable to those of PBSI phage (Table 2) . No difference was observed in the transduction efficiency for various markers, thus confirming the generalized type of exchange.
We performed several experiments to dissociate the infective and transductive processes. U.v. irradiation experiments allowed us to inactivate the transducing ability and the infectivity of SPPI particles to different extents. At u.v. doses resulting in a Io % survival of the p.f.u, of the irradiated lysate, a fivefold increase in the number of transductants can be obtained. Similar observations of a difference in inactivation of infective and transducing particles have been reported for phage P22 (Garen & Zinder, I955) and PBSi (Takahashi, 1963) .
Temperature-sensitive mutants of SPPI have also been used with the aim of dissociating infectivity and transducing ability. The negative results obtained are probably due to the late expression of the temperature-sensitive function, when the cell survival of the infected cells has already been affected by the replicating phage.
By the use of mutants defective in PBSX induction and specific antisera we have excluded any dependence of SPPI transducing particle formation and transduction process on the induction or presence of PBSX.
SPPI transduction has been studied in the restriction and modification system. Restriction and modification observed in B. subtilis strain R affects infection and transfection with SPPI, ~blO5, SPOz but not with SPS, q~29, SP82, SP5o, PBSI (Trautner et al. 1974) . There is no effect of restriction on transformation with bacterial DNA but PBSI mediated transduction is affected both in its homologous and heterologous forms (Trautner et al. I974, and our unpublished data). The results obtained indicate that SPPI transduction is affected by the restriction system. The differential sensitivity of B. subtilis recombination systems to restriction might be due to a different configuration of the DNA molecule active in the recombinatory processes. In transformation, DNA penetrates the cell after being transformed to a single-stranded fragment; on the contrary, transducing DNA is injected as a double-stranded DNA fragment.
The study of the recombination functions involved in SPP1 transduction indicates that this system of genetic exchange has the same rec gene product requirements necessary for transformation and PBSI heterologous transduction. Since the mol. wt. of the SPPI transduced DNA fragment is, as determined from the head phage volume as upper limit (mol. wt. of SPPI DNA is 2"5 x 1o 7) and from linkage obtained with SPPI transduction (Yasbin & Young, 1974) , comparable to the size of DNA active in transformation, we are led to conclude that the size of the DNA fragment is an important factor in determining the specificity of the mechanism of the processing of incoming DNA.
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